The current study assessed the in vivo antagonist properties of nalmefene using procedures previously used to characterize the opioid antagonists naloxone, naltrexone, 6β-naltrexol and nalbuphine. Main methods: ICR mice were used to generate antagonist dose-response curves with intraperitoneal (i.p.) nalmefene against fixed A 90 doses of morphine in models of morphine-stimulated hyperlocomotion and antinociception. Additional dose-response curves for antagonist precipitated opioid withdrawal were run in mice treated acutely (100 mg/kg, s.c., − 4 h) or chronically (75 mg pellet, s.c., − 72 h) with morphine. Comparisons were made between antagonist potency and degree of precipitated withdrawal. Key findings: Nalmefene produced dose-and time-related antagonism of morphine-induced increases in locomotor activity with a calculated ID 50 (and 95% confidence interval) of 0.014 (0.007-0.027) mg/kg. Nalmefene produced rapid reversal of morphine-induced locomotor activity (5.1 min for 50% reduction in morphine effect). A 0.32 mg/kg dose of nalmefene produced blockade of morphine-induced antinociception in the 55°C tail-flick test that lasted approximately 2 h. Nalmefene was able to potently precipitate withdrawal in mice treated acutely or chronically with morphine.
Introduction
Nalmefene is one of three CNS penetrating opioid receptor antagonists that have been used clinically. By conventional pharmacological standards all are considered to be pure antagonists. The drug received FDA approval in 1995 for complete or partial reversal of opioid drug effects including respiratory depression and known or suspected opioid overdose (www.fda.gov). The compound has also been used off label to reduce pruritus associated with spinal opioids (Pellegrini et al. 2001; Kjellberg and Tramèr 2001) and has been tested in phase II/III clinical trials for management of alcoholism (Karhuvaara et al. 2007; Mason et al. 1999 ) and pathological gambling (Grant et al. 2006) . The effects on gambling have been mixed with higher doses of the drug producing intolerable side effects including nausea and insomnia (Grant et al. 2006) . Despite some potential advantages of nalmefene over naloxone including a longer duration of action and better oral bioavailability, the drug has not captured a significant percentage of the opioid antagonist market.
Similar to naloxone and naltrexone, nalmefene may precipitate withdrawal symptoms in patients who are either acutely or chronically treated with opioid agonists (Kaplan et al. 1999; Wang et al. 1998) . Withdrawal has also been noted when nalmefene is administered postoperatively to reduce the ventilatory depressant effects of high dose opioid agonists used during surgery (www.fda. gov). Withdrawal severity is likely to be related to both the displacement of the agonist from the receptor and the potential inverse agonist effects of the "antagonist" (Bilsky et al. 1996; Sadée et al. 2005; Sirohi et al. 2009 ). Inverse agonists are thought to stabilize G-protein coupled receptors into an inactive state, suppressing basal or constitutive activity (Bokoch et al. 2010) . Evidence has been provided that naloxone and naltrexone act as inverse agonists in opioid-exposed systems, thereby increasing the severity of withdrawal compared to that precipitated by a neutral antagonist or weak partial agonist (Raehal et al. 2005; Wang et al. 2001 Wang et al. , 2004 .
Our laboratory is exploring the structure activity of opioid neutral antagonists as well as inverse agonists, and has tested a number of structurally similar ligands for their activity in opioid naïve and opioid-exposed systems. This has led to the identification and characterization of two putative neutral antagonists, 6β-naltrexol and 6β-naloxol. These compounds differ from naltrexone and naloxone by the reduction of the ketone group at the six-position of the parent compound to a hydroxyl moiety (Fig. 1) . The current study assessed the antagonist properties of nalmefene which substitutes the ketone with a methylene group, maintaining the double bond and its influence on the overall structure of the molecule (Fig. 1 ). The compound was tested in an outbred strain of mice (ICR) using procedures identical to those previously used to characterize naloxone, naltrexone, 6β-naltrexol and nalbuphine (Raehal et al. 2005) . This information helps better characterize the preclinical efficacy of nalmefene and will aid in the development of novel opioid antagonists for use in opioid-exposed/dependent subjects.
Materials and methods

Animals
Male ICR mice weighing between 25 and 35 g were used for all studies. Animals were bred in the vivarium at the University of New England from a breeding stock purchased from Harlan (Indianapolis, Indiana). Mice were housed in groups of five in Plexiglas chambers with food and water available ad libitum. All animals were maintained on a 12 h light/dark cycle (lights on at 07:00) in a temperature-and humidity-controlled animal colony. All animal experiments were performed under an approved protocol in accordance with institutional guidelines and in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health.
Drug solutions and injections
Morphine sulfate was obtained from Spectrum Chemicals (New Brunswick, NJ). Naloxone HCl was obtained through the NIDA Drug Supply program (Bethesda, MD). Mallinckrodt Pharmaceuticals generously donated nalmefene HCL (St. Louis MO). All drugs were dissolved in physiological saline (0.9% NaCl) with injection volume based on the weight of the animal (0.1 mL/10 g bodyweight). Intraperitoneal (i.p.) injections were performed by grasping the mouse by the scruff of the neck and tail and gently arching the spine backward to expose the abdomen. Injections were made by inserting a 30-gauge needle through the skin and abdominal musculature into the peritoneal cavity slightly lateral to the midline. Subcutaneous (s.c.) administration of drug was accomplished by injecting solution directly underneath the skin into the space between the abdominal region and the anterior portion of the hip.
Locomotor studies
Locomotor activity was quantified using an activity monitoring system (Coulbourn Instruments) and TruScan software. The locomotor chambers consisted of Plexiglas walls and a removable plastic drop pan (dimensions of 10 in. W × 10 in. L × 16 in. H) surrounded by a sensor ring with a 16 × 16 infrared beam array. The TruScan software measured patterns of beam breaks and calculated the position of the mouse with a temporal resolution of 100 ms. Each chamber was wiped down with a dilute cleaning solution between sessions to remove scent. For antagonist studies against morphine-induced hyperlocomotion, mice were habituated to the chambers for 30 min. They were then briefly removed from the chambers and administered two injections. Vehicle or doses of naloxone or nalmefene was injected i.p. followed immediately afterwards by a s.c. injection of vehicle or morphine (32 mg/kg). Mice were placed back into the chambers and monitored for an additional 90 min. Sessions were divided into twenty-four 5 min bins (baseline and drug effect time intervals) with the distance traveled calculated for each mouse. To determine if the antagonists alone produced effects on locomotor activity, a modified protocol was used. Mice received an i.p. injection of vehicle or a 1 mg/kg dose of naloxone or nalmefene 30 min prior to a 30-min locomotor session. The lack of habituation to the chambers kept the locomotor activity at a level where increases or decreases in distance traveled could be easily detected. In order to measure the onset of antagonist blockade, a second modified protocol was used. A 120-min session was used with one minute bins of activity summarized. The first 30 min were used as habituation followed by an injection of morphine (32 mg/kg, s.c.) and an additional 30 min of monitoring. Mice were then given an i.p. injection of vehicle or nalmefene (0.32 mg/kg) and placed back into the chambers for an additional 60 min of monitoring.
Antinociceptive studies for determining duration of antagonist blockade
Antinociception was assessed using the 55°C warm water tail-flick test. The latency to the first sign of a rapid tail-flick was taken as the behavioral endpoint (Jannsen et al. 1963) . Each mouse was first tested for baseline latency by immersing its tail in the water and recording the time to response. Mice not responding within 5 s were excluded from further testing. Mice were then administered a fixed dose of nalmefene (0.32 mg/kg, i.p.) at various times prior to the administration of an approximate A 90 dose of morphine (32 mg/kg, s.c.). Mice were tested 20 min after the morphine injection, a time corresponding to the peak antinociceptive effect for s.c. morphine. A cutoff latency of 10 s was used to prevent tissue damage. Antinociception was calculated using the following formula: % antinociception= 100 × (test latency− control latency)/ (10 − control latency). The time course data were plotted to determine the approximate duration of action of nalmefene.
Acute physical dependence
Mice were injected with a high dose of morphine (100 mg/kg, s. c., − 4 h) and returned to their home cage. At t = 0 min, withdrawal was precipitated by injecting doses of naloxone (10 mg/kg, i.p.) or nalmefene (0.1-1.0 mg/kg). Immediately after the antagonist injection, mice were placed into clear Plexiglas cylinders with filter paper bottoms and videotaped for 20 min. A trained observer blinded to the experimental protocol reviewed the tapes and the number of vertical jumps was recorded as the primary index of withdrawal (Raehal et al. 2005) . Among naloxone-precipitated withdrawal signs in mice, frequency of uncontrollable stereotypical jumping (i.e., a hyperactivity response) is widely considered the most sensitive and reliable index of withdrawal intensity and is by far the most commonly used (Klein et al. 2008; Kest et al. 2002) . Body weight was measured immediately before antagonist injection and immediately after the withdrawal session for each mouse. In addition, an image for each filter paper was digitally captured and later scored for urine output (rough percentage wet versus dry) and number of fecal boli by a blinded observer.
Chronic physical dependence
Mice were lightly anesthetized with ether and a small incision was made along the nape of the neck. A 75 mg pellet of morphine was inserted through the incision and pushed caudally so as to rest at the apex of the scapula. The incision was closed using two surgical staples and the mice were returned to their home cages and allowed to recover. Withdrawal was precipitated 72 h after pellet implantation with an i.p. injection of either naloxone (1 mg/kg) or nalmefene (0.032-1.0 mg/kg). A 20 min withdrawal period was videotaped with bodyweights being recorded immediately before and after the session. A trained observer blinded to the experimental protocol reviewed the tapes and the number of vertical jumps was recorded as the primary index of withdrawal (Fujimoto et al. 1975) . With respect to fecal boli, areas of concentrated diarrhea/smeared feces were counted as discrete entities.
Statistical analysis
Dose-response curves were analyzed using linear regression with the calculation of ID 50 values and 95% confidence intervals (FlashCalc software). Most of the other antinociceptive, locomotor and physical dependence data were analyzed using analysis of variance (ANOVA) followed by appropriate post-hoc analysis. In all cases, significance was established at the p b 0.05 level.
Results
In characterizing the in vivo pharmacology of nalmefene, we took an approach similar to that of earlier work with naltrexone and 6β-naltrexol (Raehal et al. 2005) . Fig. 2A is the overall summary of a 120-min activity monitoring session in which locomotor activity was measured following administration of varying doses of nalmefene and an A 90 dose of morphine or saline. All groups of mice had a similar habituation profile (decreased distance traveled for each of the successive 5 min bins, 0-30 min). A repeated measures ANOVA of the last 90 min of the session yielded significant effects of time, treatment, and the interaction between the two (all p values b 0.001). The saline/saline group continued to habituate to the chambers following injection, with their distance traveled in a 5-m bin approaching zero for the last several activity bins. In contrast, saline/morphine produced a robust increase in stereotypical locomotor activity, replicating previous results (Raehal et al. 2005) .
Nalmefene reduced the morphine effect in a dose-dependent manner as indexed by the magnitude of the 5-min bins of activity ( Fig. 2A) and the area under the curve (AUC) analysis (Fig. 2B) . The ANOVA for the AUC analysis yielded an F(7,63) = 23.5, p b 0.001 and the post-hoc analysis indicated that the four highest doses of nalmefene tested all significantly blocked the morphine effect. Fig. 3 estimates the potency of nalmefene to antagonize the morphine locomotor effect. In this analysis, data from 20 to 60 min bins following agonist/antagonist injections were used. This represented a time window where the morphine effect was becoming manifest and the effects of the antagonist were still capable of fully blocking the opioid agonist activity (Raehal et al. 2005) . Fitting the data using linear regression software (FlashCalc, Dr. Michael Ossipov, University of Arizona) indicated an ID 50 value for nalmefene (95% confidence interval) of 0.014 (0.007-0.027) mg/kg. This antagonist potency was approximately equal to that of naloxone when tested under similar conditions: 0.029 (0.018-0.046) mg/kg (Fig. 3A) . A modified locomotor assay was run to assess the potential non-specific effects of the two antagonists when given at supramaximal doses (1 mg/kg, i.p.). Analysis of the data indicated that there was no main effect of treatment, F(2,145) = 2.50, p N 0.05 (Fig. 3B) .
In order to further quantify the antagonist effects of nalmefene in vivo, two additional antagonist experiments were conducted. Fig. 4A represents a modified locomotor assay in which the antagonist is administered after the morphine effect is already established (e.g., reversal rather than prevention). A vehicle injection had no effect on the morphine-induced hyperlocomotion (the effect continued to strengthen through the remaining 60 min of monitoring). In contrast, a 0.32 mg/kg dose of nalmefene quickly and completely reversed the morphine effect. When this was expressed as a percentage of preinjection activity, the initial reductions in distance traveled were approximately linear. The calculated time to 50% reduction (95% confidence interval) of the morphine effect was 5.4 (4.2-6.9) min for the group. This time of onset is slightly longer compared to naloxone, 3.3 (3.0-3.6) min, and comparable to 6β-naltrexol, 5.1 (4.5-5.9) min (Raehal et al. 2005) .
To further address the duration of action of the antagonist, nalmefene was administered to mice at a fixed dose (0.32 mg/kg, i.p.) at various time intervals prior to a morphine injection (32 mg/kg, s.c.). Antinociception in the 55°C tail-flick assay was then assessed at t = 20 min, a time corresponding to peak morphine effects in this assay. Pretreatment times up to 1 h prior to morphine completely blocked the morphine effect (Fig. 4B) . The antagonist effects of nalmefene were absent when the antagonist was administered 3 h prior to morphine. Based on our previous work with naloxone (Raehal et al. 2005) , the nalmefene duration of action was approximately twice that of naloxone in ICR mice.
The last set of experiments assessed the ability of nalmefene to precipitate withdrawal in opioid dependent mice. Different doses of nalmefene were administered to mice treated with either acute high dose morphine (Fig. 5) or with a morphine pellet for 72 h (Fig. 6) . Several different parameters were measured including vertical jumps, bodyweight loss, urine output and mean number of feces. In general, nalmefene precipitated dose-related withdrawal with a severity that was equivalent to that of naloxone in both the acute and chronic dependence assays. The vertical jumping measure was the most sensitive for detecting dose escalation of the antagonist effect. An ANOVA of the acute dependence data yielded an F(4,38) = 5.14, p b 0.01, with a 1 mg/kg dose of nalmefene producing equivalent withdrawal to a 10 mg/kg dose of naloxone. Measurements of body weight loss, urine output and mean number of feces were all elevated compared to saline controls, but there was no obvious dose-related effect of nalmefene (Fig. 5) .
The chronic dependence assay resulted in a higher level of dependence and withdrawal (as indexed by higher frequency of the vertical jumping behavior and a leftward shift in the antagonist dose-response curve). The ANOVA for the jumping data yielded an F(4,61) = 7.15, p b 0.001. The 0.32 mg/kg dose of nalmefene produced significantly greater jumping than the vehicle control, and an equivalent withdrawal compared to a 1 mg/kg dose of naloxone (p N 0.05). Nalmefene also produced significant effects on body weight loss, urine output and mean number of feces compared to vehicle control. The ANOVAs yielded F(4,61) = 3.95, 7.88 and 6.82, respectively (all p values b 0.01). The effects of nalmefene were generally dose-related with the exception of bodyweight loss (Fig. 6 ).
Discussion
Nalmefene was first approved for human use in 1995 as a reversal agent for treatment of opioid overdose. Nalmefene has a demonstrated longer duration of antagonist action compared to naloxone (Glass et al. 1994) . This effect provides a theoretical advantage over naloxone when treating life-threatening respiratory depression associated with sustained released (Oxycontin) or long-duration (methadone) opioid agonists (Glass et al. 1994) . Baxter Health Care discontinued U.S. sales of the drug in 2008 (www.fda.gov) though interest remains in its use as indexed by continued clinical trials with nalmefene as an adjunct for alcoholism and other addictions (www.clinicaltrials.gov).
Our interest in the compound stems from previous work characterizing the opioid antagonists naloxone, naltrexone, and the various derivatives of the parent compounds. These ligands can act as inverse agonists or neutral antagonists depending on the state of the receptor system (e.g., opioid-naïve versus opioid-exposed test systems) . Nalmefene shares a number of structural similarities to naloxone and naltrexone (e.g., a phenol domain and complex ring structure) but also differs from them (i.e., replacement of a carbonyl at the 6-position of the molecule with a methylene group). In contrast, the putative neutral antagonists 6β-naltrexol and 6α-and 6β-naloxol carry a hydroxyl group at the 6-position. The in vivo pharmacology of nalmefene in rodent models has not been extensively described in the peer-reviewed literature relative to naloxone and naltrexone. The aims of the current study were to more fully characterize the opioid antagonist properties of the drug under conditions similar to those that we previously used to investigate naloxone, naltrexone and 6β-naltrexol (Raehal et al. 2005) .
The potency of nalmefene to block acute effects of morphine was determined in assays of antinociception and locomotor activity. Nalmefene dose-dependently decreased the effects of morphine with approximately equal potency to naloxone. This is consistent with clinical data demonstrating roughly equal potency of naloxone and nalmefene (Glass et al. 1994 ). Nalmefene did not stimulate locomotor activity by itself even at the highest dosing levels tested. Nalmefene also did not produce antinociception in the 55°C tail-flick assay at doses up to 10 mg/kg (data not shown). These data confirm a pure antagonist profile of nalmefene under opioid-naïve conditions. In the locomotor assay, there was some indication that the nalmefene blockade waned in the final 10-15 min of the observation period (75-90 min post-dosing). This may be due to the antagonist effects wearing off or continued increases in CNS levels of morphine following s.c. administration of the compound. We attempted to address this issue by completing a time course study using various pretreatment times for nalmefene injection (0.32 mg/kg, i.p.) with a fixed dose of morphine (32 mg/kg, s.c.) given at t = 0 min. The 55°C tail-flick assay was used as an endpoint as this allowed for a single determination of agonist activity (%-antinociception) at the time of agonist peak effect. Nalmefene was fully effective as an antagonist of morphine antinociception for a minimum of 60 min under the conditions examined. There was a gradual wearing off of the antagonist effect over the subsequent 2 h of testing. This duration of action was approximately twice as long naloxone and naltrexone in rodents, but significantly shorter than the antagonist actions of 6β-naltrexol (Raehal et al. 2005) .
In the dependence assays, vertical jumping was used as the primary withdrawal measure, as it is one of the most reliable measures of withdrawal severity (Klein et al. 2008; Kest et al. 2002) . These data correlated with both dose and duration of opioid exposure and the dose of naloxone or nalmefene injected (Blasig et al. 1973; Kest et al. 2002 , Raehal et al. 2005 . In the acute dependence assay, naloxone and nalmefene precipitated significant withdrawal jumping at doses that blocked acute effects of morphine. As expected, higher doses of nalmefene elicited further increases in withdrawal jumping, and these behaviors were not observed in opioid-naïve or saline treated animals. The other indices of withdrawal were not robust enough in this acute opioid exposure paradigm to allow for discrimination between doses. In the more severe chronic exposure assay, the nalmefene dose-response curve displayed the characteristic leftward shift in potency observed with other opioid inverse agonists (e.g., naloxone and naltrexone). Significantly lower doses of nalmefene were required to precipitate moderate to severe withdrawal. The higher level of dependence/withdrawal also allowed for discrimination of dose effects on some of the other behavioral indices (body weight loss, number of feces, etc.).
The onset of CNS antagonist blockade for the compounds being characterized can be measured and compared if the testing conditions remain consistent across assessments. We have used a modified locomotor assay that increases the temporal resolution of blockade by measuring one-versus 5-min bins of activity. To compare compounds we have determined equivalent antagonist potencies to reverse morphine-induced locomotion. Using these equivalent doses, we then looked at how quickly a fixed dose of morphine could be reversed (time to half-maximal morphine effect). Nalmefene produced reversal of morphine-induced hyperlocomotion with an onset that was slightly slower than naltrexone and naloxone (approximately 5 versus 3 min) and equivalent to 6β-naltrexol. Taken together with the dependence/precipitated withdrawal data (see below), the time to half-maximal reversal does not appear to explain the propensity of opioid antagonists to precipitate withdrawal (e.g., a slower onset antagonist such as nalmefene produced a similar level of withdrawal compared to equivalent antagonist doses of naloxone and naltrexone). This would argue against the possibility that the observed differential effects of 6β-naltrexol and naloxone/ naltrexone precipitation of withdrawal is due to its differential onset of receptor antagonist action (Divin et al. 2009) .
A limitation of the current methodology for assessing the rate of CNS antagonism of opioid effects is that it relied on just the locomotor assay. The locomotor assay can be set with a temporal resolution (one minute or less) that is not feasible with the tail-flick assay. Nevertheless, the estimates we have been able to obtain with the antagonists tested (current studies and Raehal et al. 2005 ) have been consistent between in vitro and in vivo assays, as well as with some measures of human potency (Glass et al. 1994) . The behaviors measured (opioid-induced locomotor activity and antinociception in the 55°C tail-flick) are CNS mediated and likely involve systems relevant to addiction liability, tolerance and physical dependence. Furthermore, we examined the antagonist properties of nalmefene under a variety of conditions including (a) pretreatment to prevent morphine antinociception, (b) co-administration to block morphineinduced locomotion, and (c) reversal of an already established morphine effect (locomotor activity). Additional studies are clearly needed to fully understand the complex agonist/antagonist interactions that occur in vivo in opioid naïve and dependent states, but the current studies add to our understanding of the pharmacology of a structurally similar yet distinct set of opioid antagonists under a set of standardized conditions.
Conclusion
In summary, we have provided a more complete characterization of the in vivo pharmacology of nalmefene with respect to its antagonist properties and propensity to precipitate withdrawal. The studies were designed to extend previous work with naloxone, naltrexone and 6β-naltrexol, allowing us to compare between these compounds in an effort to better understand the structure-activity relationships of opioid inverse agonists and neutral antagonists. The reversal of morphine activity was significantly slower than with naloxone or naltrexone and equivalent to 6β-naltrexol. The severity of withdrawal with nalmefene was, however, more in line with that of the inverse agonists, arguing that time of antagonist entry into the CNS is unlikely to explain differences observed between 6β-naltrexol and the other compounds.
